Parkinson's disease (PD) is now recognized as a neurodegenerative condition caused by a complex interplay of genetic and environmental influences. Chronic manganese (Mn) exposure has been implicated in the development of PD. Since mitochondrial dysfunction is associated with PD pathology as well as Mn neurotoxicity, we investigated whether Mn exposure augments mitochondrial dysfunction and neurodegeneration in the nigrostriatal dopaminergic system using a newly available mitochondrially defective transgenic mouse model of PD, the MitoPark mouse. This unique PD model recapitulates key features of the disease including progressive neurobehavioral changes and neuronal degeneration. We exposed MitoPark mice to a low dose of Mn (10 mg/kg, p.o.) daily for 4 weeks starting at age 8 wks and then determined the behavioral, neurochemical and histological changes. Mn exposure accelerated the rate of progression of motor deficits in MitoPark mice when compared to the untreated MitoPark group. Mn also worsened olfactory function in this model. Most importantly, Mn exposure intensified the depletion of striatal dopamine and nigral TH neuronal loss in MitoPark mice. The neurodegenerative changes were accompanied by enhanced oxidative damage in the striatum and substantia nigra (SN) of MitoPark mice treated with Mn. Furthermore, Mn-treated MitoPark mice had significantly more oligomeric protein and IBA-1-immunoreactive microglia cells, suggesting Mn augments neuroinflammatory processes in the nigrostriatal pathway. To further confirm the direct effect of Mn on impaired mitochondrial function, we also generated a mitochondrially defective dopaminergic cell model by knocking out the TFAM transcription factor by using a CRISPR-Cas9 gene-editing method. Seahorse mitochondrial bioenergetic analysis revealed that Mn decreases mitochondrial basal and ATPlinked respiration in the TFAM KO cells. Collectively, our results reveal that Mn can augment mitochondrial dysfunction to exacerbate nigrostriatal neurodegeneration and PD-related behavioral symptoms. Our study also demonstrates that the MitoPark mouse is an excellent model to study the gene-environment interactions associated with mitochondrial defects in the nigral dopaminergic system as well as to evaluate the contribution of potential environmental toxicant interactions in a slowly progressive model of Parkinsonism.
Introduction
Although manganese (Mn) is an essential cofactor needed for normal cellular functions, occupational and environmental exposures to the metal have been linked to increased risk for various neurological disorders including Parkinson's disease (PD) (Haynes et al., 2015; Lucchini et al., 2014; Sanders et al., 2015; Sikk and Taba, 2015) . Mn exposure commonly occurs during the production of steel, batteries, fuel additives, fireworks, fungicides, welding, and ceramics (Mielke et al., 2002; Yabuuchi and Komaba, 2014) . Given excessive exposure to Mn or failure to excrete it, the metal tends to accumulate in the basal ganglia, resulting in a movement disorder somewhat similar to PD called manganism (Bouabid et al., 2015; Peres et al., 2016b) . Similar to PD, manganism manifests motor deficits such as rigidity and bradykinesia. However, in manganism patients, a distinctive "cock-walk" gait is observed and neuropsychiatric symptoms often present earlier rather than later in the disease progression (Bowler et al., 2006 (Bowler et al., , 1999 Kwakye et al., 2015) . The neurons most affected in manganism occur in the globus pallidus, rather than the SN (Criswell et al., 2015; Perl and Olanow, 2007) . Furthermore, manganism patients respond poorly to levodopa therapy, so instead chelation therapy has been used to treat the disorder (Discalzi et al., 2000; Ky et al., 1992) .
Mn and other transition metals have long been implicated as risk factors in the etiology of PD, and a recent study suggests that Mn exposure dose-dependently increases UPDRS3 scores in welders (Gorell et al., 1999; Racette et al., 2016) . Recent studies showed that welders exposed to Mn fumes display abnormal neurobehavioral changes that correlate with Mn accumulation in the basal ganglia as measured by magnetic resonance imaging Lewis et al., 2016) . Also, chronic exposure to metals and pesticides is associated with a younger age at onset of sporadic PD (Ratner et al., 2014) . Other studies have revealed that genetic defects in Mn transporter proteins cause metal-induced Parkinsonism, including a form of childhood-onset Parkinsonism caused by an autosomal recessive Mn transporter defect. Patients having the homozygous mutation in SLC39A14 had excessive Mn accumulation and responded positively to chelation therapy (Tuschl et al., 2016) . Furthermore, several mutations in SLC30A10, a Mn-specific efflux transporter thought to protect cells from Mninduced toxicity, can cause familial Parkinsonism (Chen et al., 2015a; Leyva-Illades et al., 2014) . The pathogenic mechanisms of Mn neurotoxicity are not completely understood, but evidence suggests that, like classical Parkinsonian toxicants, Mn promotes protein aggregation and it also contributes to oxidative stress and mitochondrial dysfunction by inhibiting mitochondrial complexes I and II of the electron transport chain (Aschner et al., 2009; Carboni and Lingor, 2015; Liu et al., 2013; Peres et al., 2016a; Zheng et al., 1998) . Furthermore, Mn can indirectly damage neurons by persistently triggering glial activation and neuroinflammation involving both microglia and astrocytes (Filipov and Dodd, 2012; Moreno et al., 2011 Moreno et al., , 2009a Streifel et al., 2012) . Although striatal dopamine (DA) loss is a hallmark of PD models, contradictory results have been found in Mn-treated rodent studies (Moreno et al., 2009b; Witholt et al., 2000) . These neurochemical changes are thought to contribute to the motor and neuropsychiatric symptoms present (Ferrer et al., 2012; Vermeiren and De Deyn, 2017) .
Growing evidence has indicated that interactions between environmental exposures and genetic factors play a crucial role in the pathogenesis of PD. Mn and many genetic mutations associated with PD alter common biochemical pathways, allowing for a synergistic effect on the development of PD pathology (Bornhorst et al., 2014; Chen et al., 2015b; Roth, 2014) . However, little direct evidence exists on Mn exposure exacerbating Parkinsonism in animal models. Such studies could provide much needed insight into how Mn hastens the pathophysiological processes involved in PD, and thus result in the development of better strategies to prevent or delay disease onset and progression. One study that used a toxin-based model to show effects of subchronic intraperitoneal Mn administration on DA-depleted rats reported that Mn potentiated neurobehavioral deficits but not the DA depletion (Witholt et al., 2000) . Additionally, several PD-related genes such as parkin, LRRK2, and ATP13A2 are known to mediate Mn-induced toxicity in cell culture and animal models (Bornhorst et al., 2014; Higashi et al., 2004; Lovitt et al., 2010; Tan et al., 2011) . However, none of the neurotoxin-based and genetic PD models faithfully recapitulate the chronic and progressive nature of the disease.
Mitochondrial impairment is well recognized as part of the normal aging process. Moreover, mitochondria serve as a key cellular target for PD pathology as well as for Mn neurotoxicity. However, we lack information on how Mn affects already comprised mitochondrial function as it relates to progression of the neurodegenerative process in PD and aging. Thus, in the present study, we evaluated the effect of a low-dose Mn exposure in the MitoPark mouse, a recently available, mitochondrially defective transgenic (Tg) mouse model of PD. MitoPark mice were generated by conditionally knocking out mitochondrial transcription factor A (TFAM) in DAergic neurons through the Cre-loxP system (Ekstrand et al., 2007) . The MitoPark mouse is a unique PD model that recapitulates most of the hallmark behavioral symptoms and neuropathologies associated with PD, including progressive neurodegeneration and protein aggregates, representing a valuable model for studying the neurodegenerative process. Herein, we utilized the MitoPark mouse for a neurotoxicological study of Mn using a similar suite of behavioral, neurochemical, histological, and biochemical analyses routinely adopted in other animal models.
Materials and methods

Chemicals
Dopamine hydrochloride, 3-4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 3,3 0 -diaminobenzidine (DAB), manganese chloride (MnCl 2 ), and hydrogen peroxide were all purchased from Sigma (St Louis, MO). Halt protease and phosphatase inhibitor cocktail was obtained from Thermo Fisher (Waltham, MA). Bradford assay reagent and Western blotting buffers were purchased from Bio-Rad Laboratories (Hercules, CA). Anti-4-hydoxynonenal (4-HNE) antibody was purchased from R&D Systems (Minneapolis, MN). We purchased anti-IBA-1 antibodies from Wako Pure Chemical Industries (Richmond, VA) and Abcam (Cambridge, MA) for immunohistochemistry (IHC) and Western blot, respectively. Anti-tyrosine hydroxylase (TH) antibody was purchased from Millipore (Billerica, MA). Anti-oligomeric antibody (A11) and cell culture reagents were purchased from Invitrogen. The anti-mouse and anti-rabbit secondary antibodies (Alexa Fluor 680 conjugated anti-mouse IgG and IRDye 800 conjugated antirabbit IgG) were purchased from Invitrogen and Rockland Inc., respectively.
Cell lines
For in vitro mitochondrial function studies, the rat immortalized mesencephalic DAergic neuronal cell line (1RB 3 AN 27 , or N27) was cultured in RPMI 1640 containing 2 mM L -glutamine, 50 U/mL of penicillin and 50 mg/mL streptomycin with 0-10% FBS in incubators at 37 C and 5% CO 2 as previously described by our lab (Charli et al., 2015) . The lentivirus-based CRISPR/Cas9 TFAM knockout plasmid, pLV-U6gRNA-Ef1aPuroCas9GFP-TFAM, with the TFAM gRNA target sequence directed against the exon 1 sequence (CPR555e5e4099bf84.98), was purchased from SigmaAldrich. To make lentivirus, the lenti-CRISPR/Cas9 TFAM knockout plasmid was transfected into 293FT cells using the Mission Lentiviral Packaging Mix (Cat#SHP001, Sigma-Aldrich) according to manufacturer's instructions. For negative control lentivirus, Universal Negative Control Lentivirus from SigmaAldrich (U6-gRNA/CMV-Cas9-GFP) was similarly transfected into 293FT cells. The lentivirus was harvested 48 h post-transfection and titers were measured using the Lenti-X TM p24 Rapid Titer 
Animal exposure
MitoPark mice were originally kindly provided by Dr. NilsGoran Larson, currently at the Karolinska Institute in Stockholm, Sweden, who generated the mouse model in his laboratory at the Max Planck Institute for Biology of Ageing by conditionally knocking out TFAM in cells expressing dopamine transporter (DAT), as described in his publication (Ekstrand et al., 2007) . MitoPark mice share many similarities with clinical PD including chronic, progressive neurodegeneration and motor deficits, protein aggregations, and adult onset of disease-related phenotypic changes (Ekstrand and Galter, 2009; Ekstrand et al., 2007) . Upon L-DOPA administration, they recover motor function but will eventually develop dyskinesia (Galter et al., 2010; Gellhaar et al., 2015; Shan et al., 2015) . Roles for neuroinflammation and oxidative stress were recently identified in the brain pathology of older-aged MitoPark mice Langley et al., 2017 (Fig. 1A) .
Motor function test
The VersaMax system (VersaMax monitor, model RXYZCM-16, and analyzer, model VMAUSB, AccuScan, Columbus, OH) was used for monitoring locomotor activity and the RotaRod (AccuScan) was used to test coordination of movement as previously described (Ghosh et al., 2012) . For locomotor activity, mice acclimated 2 min prior to monitoring for 10 min using the VersaMax system during the daytime phase of the light cycle. Mouse order was randomized for each testing period. RotaRod speed was set to 20 rpm and time spent on rod was measured for 20 min maximum during a total of five trials.
Social discrimination test
To determine the olfactory function of control and MitoPark mice, we used a social discrimination test as previously described (Ngwa et al., 2014) . However, this procedure was adapted to use ANY-maze tracking software (Stoelting, Wood Dale, IL) to determine time spent sniffing based on the animal's head being within a defined zone surrounding the bedding. Each mouse received the same amount (grams) of bedding from a cage housing 4 opposite-sex mice that had been changed one week prior to collecting the bedding. Total time spent sniffing the opposite sex's bedding was recorded during a 3-min interval.
High performance liquid chromatography (HPLC)
Striatum and olfactory bulb samples were prepared and processed for HPLC as described previously (Gordon et al., 2016a) . Briefly, dissected brain regions were placed in a buffer containing 0.2 M perchloric acid, 0.05% Na 2 EDTA, 0.1% Na 2 S 2 O 5 , and isoproterenol (internal standard) to extract monoamine neurotransmitters. Monoamine lysates were placed in a refrigerated automatic sampler (model WPS-3000TSL) until being separated isocratically by a reversed-phase C18 column with a flow rate of 0.6 ml/min using a Dionex Ultimate 3000 HPLC system (pump ISO-3100SD, Thermo Scientific, Bannockburn, IL). Electrochemical detection was achieved using a CoulArray model 5600A coupled with an analytical cell (microdialysis cell 5014B) and a guard cell (model 5020). Data acquisition and analysis were performed using Chromeleon 7 and ESA CoulArray 3.10 HPLC Software and quantified data were normalized to wet tissue weight.
Western and slot blots
Protein lysates from the striatum and SN were prepared in RIPA buffer with protease and phosphatase inhibitors. For Western blot, equal amounts of protein lysates were run on a 12-15% SDS-PAGE as previously described ) and transferred to a nitrocellulose membrane. For slot blot analysis, equal amounts of protein were loaded to each reservoir of the slot blot apparatus (Bio-Dot Microfiltration apparatus, Bio-Rad) and adsorbed to the nitrocellulose membrane as previously described . After blocking for 1 h, primary antibodies were incubated at 4 C overnight. The membranes were then incubated with secondary antibodies (Alexa Fluor 680 and Rockland IR800) at RT for one hour and images were captured via LI-COR Odyssey imager. Densitometric analysis was done using ImageJ software.
Immunohistochemistry
Brains perfused in 4% paraformaldehyde were cryoprotected with 30% sucrose the following day. Brains embedded in OCT (Sakura Finetek, Torrance, CA) at À80
C were cryosectioned to 30-mm sections, which were then stored in cryosolution (ethylene glycol and sucrose) until use. Fluoro-Jade C staining was done per manufacturer's instructions (Millipore). Immunostaining was performed as previously described (Gordon et al., 2016a) . Briefly, following washing, antigen retrieval was achieved by keeping sections at 80 C for 30 min in sodium citrate (pH 8.5). After blocking in 2% BSA with 0.05% Tween-20 and 0.5% Triton X for one hour, sections were incubated with primary antibodies overnight at 4 C. For immunofluorescent staining, appropriate secondary antibodies (Alexa Fluor 488 and 555) were selected and incubated with sections for 1.5 h, followed by 7 min incubation with nuclear Hoechst stain (1:5000). For immunoperoxidase staining, a biotinylated secondary antibody followed by incubation with an avidin peroxidase solution (ABC Vectastain Kit, Vector laboratories, Burlingame, CA) to yield a brown stain after incubation with DAB solution. Dehydrated slides were mounted using DPX mountant and images were captured with an inverted Nikon TE2000-U microscope (Tokyo, Japan) attached to a SPOT digital camera with 2-40 x lenses (Diagnostic Instruments, Sterling Heights, MI). Table 1 . The social discrimination test, HPLC, Western blots and Seahorse extracellular flux data were analyzed by two-way ANOVA with Holm-Sidak's multiple comparisons post-tests. Seahorse extracellular flux experiment data were also analyzed using Student's t-test for comparisons between control and treatment groups in each cell type. Differences with pvalues 0.05 were considered significant.
Statistics
Results
Low-dose Mn exposure accelerates the progressive behavioral deficits in MitoPark mice
MitoPark Tg mice display an adult-onset motor impairment, beginning around age 14 wks. Symptoms, including tremor and rigidity, progressively worsen by 20 wks (Ekstrand et al., 2007) . Therefore, we began our study with mice at age 8 wks, prior to motor deficits in this model. Similarly, we chose a dose of Mn (10 mg/kg) that has been shown not to produce significant changes in behavioral parameters or striatal neurotransmitter levels in healthy adult mice (Moreno et al., 2009b) . Therefore, we administered water or 10 mg/kg Mn by oral gavage daily to MitoPark and littermate control mice from ages 8-12 wks (Fig. 1A) . Behavioral tests were performed weekly, and biochemical and neurochemical analyses were performed on mice sacrificed at age 12 wks.
We first evaluated the locomotor activity and coordination of C57 and MitoPark mice using VersaMax and RotaRod tests, respectively. Representative activity plots obtained from openfield test at age 12 wks revealed a reduction in activity in Mn, MitoPark, and MitoPark-Mn groups when compared to C57 agematched controls (Fig. 1B) . Linear regression of horizontal activity against age shows that C57 Control mice significantly increased their horizontal activity over time (R 2 = 0.10, F 1,48 = 5.1, p = 0.029).
Mn-treated C57 mice did not significantly change their horizontal activity levels over time (R 2 = 0.25, F 1,48 = 1.2, p = 0.27) (Fig. 1C) .
However, MitoPark mice showed a significant reduction in horizontal activity from 8 to 12 wks of age (R 2 = 0.28, F 1,33 = 12.0, p = 0.0015) and MitoPark mice treated with Mn had an even more significant reduction in horizontal activity over time (R 2 = 0.41, F 1,33 = 22.9, p < 0.0001).
Similarly, Mn-treated MitoPark mice experienced a significant decline in vertical activity (Fig. 1D, were not yet impaired in MitoPark mice by age 12 wks, but were significantly affected in MitoPark mice exposed to Mn (Table 1) . Previous studies in our lab and others have indicated that olfactory dysfunction, which is a non-motor symptom of PD that can precede onset of motor symptoms by many years, is inherent in experimental models of PD and Mn neurotoxicity (Dranka et al., 2014; Neuner et al., 2014; Ngwa et al., 2014; Zhang et al., 2015) . We therefore performed a social discrimination test to examine the effects of Mn exposure on olfaction. MitoPark mice did not show significantly decreased olfaction at age 12 wks, however, Mntreated MitoParks spent significantly less time sniffing the opposite-sex bedding during a 3-min social discrimination test when compared to C57 Control ( Fig. 1H ; MP, t = 0.5, p = 0.5; C57 Mn, t = 2.1, p = 0.084; MP Mn, t = 2.8, p = 0.028). Overall, the effect of treatment was significant, while genotype and interaction were not (Table 2) . Only Mn-treated MitoParks were significantly different from C57 Controls, suggesting an additive effect of treatment and genotype is necessary to significantly reduce sniffing time. Total movement was not captured during this test, so the accompanying motor deficits may have influenced sniffing time in the scented zone during this behavioral task. Reduced interest in sniffing the bedding might also be affected by sexual changes in the MitoPark mice, therefore, breeding motivation and other factors should be explored in future studies.
Mn exacerbates striatal DA depletion and DAergic neuronal loss in MitoPark Tg mice
After establishing the behavioral effects of Mn in MitoPark mice, we next determined the effects on the nigrostriatal tract. In MitoPark mice, striatal DA loss is first observed at age 12 wks with only about 60% of TH + neurons remaining at that time (Ekstrand et al., 2007) . We first examined whether Mn exposure affects neurochemical deficits in the striatum by measuring DA, DOPAC and HVA by HPLC with electrochemical detection. Although MitoPark mice showed significantly less DA and metabolites than C57 controls, Mn exposure worsened the depletion of DA ( Fig. 2A ; MP, t = 6.6, p < 0.0001; C57 Mn, t = 1.3, p = 0.24; MP Mn, t = 7.9, Fig. 2B ; MP, t = 3.9, p = 0.011; C57 Mn, t = 1.3, p = 0.20; MP Mn, t = 5.0, p < 0.0001), and HVA ( Fig. 2C ; MP, t = 3.3, p = 0.005; C57 Mn, t = 0.5, p = 0.60; MP Mn, t = 4.4, p = 0.0003) in the striatum of MitoPark mice but not C57 mice. The effect of genotype was significant, while treatment and the interaction between treatment and genotype were not (Table 2) . To further determine the effects of Mn on DAergic neuronal degeneration in the nigrostriatal tract, we performed TH IHC analyses on 30-mm sections of the striatal and nigral regions from 12-wk C57 and MitoPark mice treated with water or Mn. No significant reduction in TH immunoreactivity was observed in vehicle-and Mn-treated non-Tg controls (Fig. 2D) . However, MitoPark mice did show less TH immunoreactivity in nigral cell bodies and striatal terminals (Fig. 2D) . Importantly, Mn exposure exacerbated the loss of TH + cells in the SN and immunostaining in the striatum in MitoPark mice (Fig. 2D ). Taken together, our neurochemical and histological data clearly demonstrate that Mn exposure exacerbates the neurodegenerative process in DAergic neurons.
Behavioral deficits correlate with neurochemical depletion in MitoPark mice
Additionally, we show that dopamine and its metabolite levels correlated significantly with the behavioral tasks assessed. For example, horizontal activity (Fig. 3A-C Vertical activity (Fig. 3D-F RotaRod coordination (Fig. 3G-I ) correlated with dopamine (R 2 = 0.14, F 1,32 = 5.2, p = 0.030) and HVA (R 2 = 0.43, F 1,32 = 24.7, p < 0.001), but not DOPAC (R 2 = 0.053, F 1,32 = 1.8, p = 0.19).
Mn increases oxidative stress in the brains of MitoPark mice
Since Mn is known to induce oxidative damage, we assessed Mn-induced oxidative damage in MitoPark mice by measuring levels of 4-HNE, a lipid peroxidation product (Abdul-Muneer et al., 2013; Ghosh et al., 2016; Seo et al., 2016) . As evidenced by Western blotting, 4-HNE was significantly increased in the SN ( Fig. 4A ; MP, t = 1.2, p = 0.44; C57 Mn, t = 0.7, p = 0.47; MP Mn, t = 3.9, p = 0.0089) and striatum ( Fig. 4B ; MP, t = 1.7, p = 0.22; C57 Mn, t = 0.9, p = 0.93; MP Mn, t = 4.2, p = 0.0054) of Mn-treated MitoPark mice when compared to C57 Controls. Consistently, double-IHC shows increased 4-HNE immunoreactivity (Fig. 4C ) in TH + neurons in the SN of Mn-treated MitoPark mice, while no significant changes in 4-HNE were detectable in Mn-treated C57 or MitoPark-Control mice. Both treatment and genotype significantly affected 4-HNE levels in the striatum, while only the effect of genotype was significant in the SN (Table 2) . In both regions, only the Mn-treated MitoPark mice significantly differed from the C57 Control group. These data suggest that low-dose Mn exposure and the inherent mitochondrial dysfunction in the MitoPark model combine to exacerbate oxidative stress in the nigrostriatal tract.
Mitochondrial dysfunction and neuronal cell death in Mn-treated MitoPark mice
MitoPark mice show decreased expression of the mtDNAencoded COX subunit I (MTCO1), indicating a severe reduction in mtDNA expression that results in respiratory chain deficiency in DAergic neurons (Ekstrand et al., 2007) . We observed significantly reduced protein levels of MTCO1 in the striatum (Fig. 5A ) of MitoPark mice (t = 4.1, p = 0.0039) as well as Mn-treated MitoPark mice (t = 5.3, p = 0.0011). No change was observed in the Mntreated C57 mice (t = 1.7, 0.12). A similar reduction trend in MTCO1 protein levels, although not statistically significant, was observed in the SN ( Fig. 5B ; MP, t = 2.1, p = 0.12; C57 Mn, t = 1.2, p = 0.25; MP Mn, t = 2.7, p = 0.070). As inherent mitochondrial dysfunction eventually results in the death of DAergic neurons in the MitoPark model, we next examined neuronal cell death by Fluoro-jade staining (Fig. 5C ), which revealed more degenerating neurons in the SN of MitoPark mice when compared to C57 Controls. However, a robust increase in Fluoro-Jade-labeled cells in the Mn-treated MitoPark mice suggests an enhanced cell death occurring in the Mn-treated MitoPark mice.
Mn induces neuroinflammatory response in MitoPark mice
Neuroinflammation has been identified as an important contributor to neurodegenerative processes in PD. Although glial activation has not yet been characterized in the MitoPark model, it is understood that damaged neurons secrete factors which can activate glial cells (Block and Calderon-Garciduenas, 2009 ; Table 2 Related to . Summary of two-way ANOVA. DFn = degrees of freedom, numerator; DFd = degrees of freedom, denominator. Dhawan and Combs, 2012; Gordon et al., 2016b; Levesque et al., 2010; Panicker et al., 2015) . Furthermore, Mn has been shown to promote microglia activation in various model systems (Kraft and Harry, 2011; Moreno et al., 2009a; Park and Chun, 2016) . Western blotting revealed significantly more IBA-1 protein in the SN of Mntreated MitoPark mice (t = 2.9, p = 0.049). However, neither Mntreated C57 (t = 0.9, p = 0.40) or MitoPark-Controls (t = 1.4, p = 0.34) had a significant elevation in IBA-1 (Fig. 6A) . These results are consistent with DAB-immunostaining showing more IBA-1 + cells in the SN of Mn-treated MitoParks (Fig. 6B) . Together, these results imply that Mn exposure in MitoPark mice can induce neuroinflammation in the SN, which may further contribute to neurodegeneration.
ANOVA
Mn increases protein aggregation in MitoPark mice
Even prior to the symptomatic stage, MitoPark mice were found to contain protein aggregates in their DAergic neurons (Ekstrand et al., 2007) . Although these aggregates did not contain a-synuclein, they did increase in size over time and partially colocalized with mitochondrial membrane proteins (Ekstrand et al., 2007) . Our lab has shown that Mn enhances oligomerization of proteins in PD and prion models (Choi et al., 2006; Harischandra et al., 2015; Rokad et al., 2016) . We therefore examined the levels of protein aggregation by slot blot analysis with an oligomericspecific antibody, A11. The effect of treatment was significant; however, the effects of genotype and the interaction between HPLC with electrochemical detection of the neurotransmitters dopamine (A), DOPAC (B), and HVA (C) in the striatum. DAB immunostaining (D) was performed in striatum and substantia nigra of vehicle-treated C57 (top), Mn-treated C57 (second row), vehicle-treated MitoPark (MP) (third row) and Mn-treated MP mice (bottom). Graphical results represented as the mean AE SEM (n = 7-10 mice/group); ns, p > 0.05, **, p < 0.01 and ***, p < 0.001 versus water-treated C57 Control. treatment and genotype were not (Table 2) . Although A11 modestly increased in C57-Mn (t = 2.4, p = 0.084) and MitoPark (t = 0.9, p = 0.38) groups, only the Mn-treated MitoPark (t = 3.5, p = 0.026) group showed significantly increased oligomeric protein levels when compared to C57 Control mice (Fig. 7A) . Overall, these results provide evidence that Mn enhances protein aggregation in MitoPark mice.
Mn potentiates mitochondrial deficits in a TFAM-KO DAergic neuronal cell model
Mitochondrial biogenesis is controlled by the transcription factor TFAM. Similar to MitoPark mice, knocking out TFAM produces defective mitochondria. To further confirm that Mn directly impairs mitochondrial dynamics in DAergic neuronal cells with defective mitochondria, we created a stable TFAM knockout (KO) N27 cell line using a CRISPR/Cas9-based lentiviral system. Our qRT-PCR analysis revealed more than an 80% loss of TFAM mRNA levels in TFAM-KO cells compared to CRISPR control cells (data not shown). Mitochondrial dynamics were then assessed by using a Seahorse extracellular flux analyzer. We exposed both TFAM-KO and control N27 neuronal cells to a low concentration of Mn (100 mM) for 24 h. This concentration of Mn alone did not result in mitochondrial deficits since both basal respiration rate (t = 0.5, p = 0.64) and ATP-linked respiration (t = 0.1, p = 0.88) did not significantly differ between vehicleand Mn-treated control cells (Fig. 8A-C) . As expected, TFAM KO reduced basal respiration rate (t = 5.1, p = 0.0003) and ATP-linked respiration (t = 3.9; p = 0.003) in untreated N27 cells. Interestingly, further reductions in basal respiration (t = 7.3, p < 0.0001) were observed in Mn-treated TFAM-KO N27 cells (Fig. 8A, B) . Following oligomycin exposure, lower ATP-linked respiration was also observed in the Mn-treated TFAM-KO group (Fig. 8C) . The effect of TFAM-KO was significant; however, the effect of Mn treatment and the interaction between factors were not ( Table 2) . Taken together, these data suggest that Mn augments mitochondrial dysfunction by impairing both basal and ATP-linked respiration capacity in a DAergic neuronal cell model. 
Discussion
In the present study, we systematically characterized neurobehavioral, neurochemical and biochemical changes contributing to nigral DAergic neurodegeneration in a transgenic, mitochondrially defective animal model (MitoPark mice) exposed to Mn. We demonstrated that orally administering low-dose Mn increased microglia activation and the formation of 4-HNE in MitoPark mice, suggesting that combining both genetic deficits and exposure to an environmental neurotoxic metal synergistically accentuates oxidative and inflammatory processes. Importantly, Mn exposure also accelerated and exacerbated motor deficits, the formation of aggregated proteins, and nigrostriatal DAergic degeneration in MitoPark mice. This is the first report, to our knowledge, describing a synergistic interaction between environmental Mn exposure and inherent mitochondrial dysfunction in accelerating the development of PD pathology. Although neuropsychiatric symptoms of Mn at high doses are well researched, not much is known about low-dose Mn exposure and its neurobehavioral outcomes. A study by Moreno et al. (2009b) has shown that low-dose Mn alters anxiety-like behavior in male mice. Anxiety-like and depressive phenotyping were outside the scope of this paper, but would provide valuable insight and should be explored in future studies. In terms of non-motor deficits, olfactory deficits found in Mn-treated mice during this study (Fig. 1H ) could potentially be due to increased protein aggregation, reductions in neurogenesis, or changes in the olfactory epithelium or receptors (Chiu et al., 2015; Kurtenbach et al., 2013; Neuner et al., 2014; Postuma and Berg, 2016) .
The pathophysiological mechanisms underlying Mn-induced exacerbation of DAergic neurons are not exactly clear. However, the increase in degenerating neurons and subsequent symptoms are likely a result of a combination of pathological pathways being further perturbed by Mn exposure. We have provided evidence that oxidative stress, protein aggregation, and neuroinflammation play a role in the Mn-mediated acceleration of disease progression in the MitoPark model. Microglia have previously been shown to become activated following Mn exposure, leading to secretion of proinflammatory factors, increased neuronal uptake of Mn, and neuronal cell death (Bade et al., 2013; Filipov and Dodd, 2012; Yin et al., 2018) . In this report, we have shown that even a low dose of Mn is sufficient to induce neuroinflammatory changes in the presence of inherent mitochondrial dysfunction at 12 wks in MitoPark mice. Recently, we have shown that at 24 wks of age, MitoPark mice have increased microglial activation and express the proinflammatory enzymes NOX2 and iNOS in microglia . This suggests that Mn is accelerating the onset of neuroinflammatory changes in this model. Furthermore, the effects that the interaction of these pathways could have on other processes should not be ignored. For example, the increased oxidative stress and protein aggregation observed could contribute to the gliosis found in Mn-treated MitoPark mice (Mosley et al., 2006; Zhang et al., 2005) . Given the progressive phenotype, older-aged MitoPark mice should be characterized to determine when the development of reactive microgliosis first occurs in this model in the absence of Mn exposure. It would be interesting to decipher whether mitochondrial dysfunction in the MitoPark model was exacerbated by the Mn exposure or rather by an increased sensitivity to Mn toxicity in this model. Our results from TFAM-KO cells (Fig. 7) suggest that Mn exposure directly impairs basal mitochondrial oxygen consumption rate and ATPlinked respiration. Also, the possibility of transport or excretion of Mn being compromised in this model cannot be ruled out. Further characterization of the biochemical mechanisms in MitoPark mice may help to address such questions.
Electrophysiological parameters in DAergic neurons were found to be affected in MitoPark mice, even prior to motor deficits (Branch et al., 2016) . Because Mn enhances oxidative stress by catalyzing the auto-oxidation of DA and participating in HaberWeiss reactions, this could explain the potent increase in lipid peroxidation (Fig. 3) (Carboni and Lingor, 2015; Farina et al., 2013) . Moreover, Mn is thought to preferentially accumulate in DAergic neurons due to increased calcium channel expression allowing for increased uptake of Mn (Carboni and Lingor, 2015) . Branch et al. (2016) revealed increased mRNA levels of Cav1.2 subunits in the 12-week-old MitoPark mouse, and more upregulation of ion channel subunit mRNAs associated with spontaneous firing at age 18-22 wks. In the mitochondria, Mn can inhibit mitochondrial aconitase and complexes I and II of the electron transport chain Zheng et al., 1998) . We previously reported that Mn exposure activates a mitochondria-dependent apoptotic cell death pathway in the DAergic system by a PKCd-dependent proteolytic activation (Anantharam et al., 2004 Kitazawa et al., 2005 Kitazawa et al., , 2002 Latchoumycandane et al., 2005) . Thus, multiple mechanisms may be involved in regulating the Mn-induced sensitization of mitochondrial impairment. Further studies in in vitro and in vivo models of mitochondrial defects will provide additional mechanistic insights into Mn-induced neurodegeneration.
Gene-environment interactions are difficult to determine largely due to challenges in estimation of environmental exposures to toxicants and potential confounding factors (Polito et al., 2016; Thomas, 2010) . A better understanding, however, could provide for novel biomarkers, therapeutic strategies, and personalized medicine. In the MitoPark mouse model, mitochondrial dysfunction is targeted to cells expressing DAT (Ekstrand et al., 2007) . A number of studies have suggested that combining genetic variability in the DAT gene (SLC6A3) with pesticide exposure could interact synergistically to increase odds-ratios in PD patients (Kelada et al., 2006; Polito et al., 2016; Ritz et al., 2009 Ritz et al., , 2016 Singh et al., 2008) . Investigations of Mn and welding in relation to PD have led to controversial and opposing outcomes in various studies. Some studies report an increased PD risk, while others either do not report additional risk or emphasize the difference between PD and Mn-induced Parkinsonism (Guilarte and Gonzales, 2015; Nandipati and Litvan, 2016; Polito et al., 2016; Rentschler et al., 2012; Sriram et al., 2010) . Multiple PARK genes have been shown to increase Mn susceptibility in model systems and epidemiological data (Bornhorst et al., 2014; Carboni and Lingor, 2015; Higashi et al., 2004; Lovitt et al., 2010; Rentschler et al., 2012; Tan et al., 2011) . For instance, a study using induced pluripotent stem cellderived neural progenitor cells showed significantly higher ROS generation in cells from a human subject with mutated PARK2 than in control subject-derived cells following Mn exposure, indicating increased sensitivity (Aboud et al., 2012) . Other PARK genes are thought to function as Mn transporters (Carboni and Lingor, 2015; Tuschl et al., 2016) . Exceptionally little data can be found linking epigenetic changes induced by Mn to effects on PD pathological mechanisms (Peng et al., 2015) . Mn has also been implicated in A, CRISPR/Cas9-based TFAM-KO and Control N27 cells were treated with or without 100 mM Mn for 24 h and mitochondrial dynamics were measured using Seahorse XF24 analyzer. A, Quantification of basal respiration rate prior to MitoStressor injections. B, Quantification of ATP-linked respiration following oligomycin injection. Graphical results represented as the mean AE SEM (n = 3-4/group); ns, p > 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001, #, p < 0.05, versus untreated control from same cell type.
gene-environment interactions in Huntington's and Alzheimer's diseases (Aboud et al., 2012; Bornhorst et al., 2014; Chin-Chan et al., 2015; Madison et al., 2012; Tong et al., 2014) . Thus, continued efforts in studying the effect of environmental neurotoxicants in genetic defect models will shed light on gene-environment interactions in environmentally linked neurodegenerative diseases.
In conclusion, we show that low-dose Mn exposure significantly accelerates and exacerbates the motor deficits, striatal dopamine depletion and TH neuronal loss in MitoPark mice, demonstrating that Mn exposure can augment neurodegenerative processes in sensitive populations with mitochondrial deficiency, including the elderly community. Furthermore, our data demonstrate the utility of the MitoPark model for gene-environment interaction studies as well as for studying neurotoxic mechanisms in potentiating Parkinsonism in transgenic mouse models. The pathological role of Mn in other genetic models of PD and novel mitochondriatargeted therapeutic strategies for Mn-induced Parkinsonism should be further explored.
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